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This dissertation describes three independent studies related to the design of 
reliable automotive electronics. The topics covered are: the estimation of the radiated 
emissions from power bus structures, EM propagation of tire pressure monitoring 
systems (TPMS), and examinations of corrosion-induced faults in a connector. 
The first chapter describes a method for estimating the maximum possible 
radiated emissions from a printed circuit board power bus. An analysis based on a lossy 
cavity model is performed to determine the maximum possible radiated field 
corresponding to a given power bus noise voltage. A closed-form expression relating the 
maximum power bus noise voltage to the radiation peaks is then derived. This expression 
is solved in reverse to determine the minimum power bus voltage necessary to generate a 
radiated field and can be applied to measured values of power bus noise voltage to 
determine whether radiation directly from the power bus is potentially the emissions 
source. 
The second chapter identifies transmission parameters from a rotating tire and the 
vehicle body’s effect on tire sensor transmission and propagation; relates these effects to 
receiver antenna packaging requirements; and then, based on these results, proposes the 
antenna design of employing car body as a part. In the new proposed TPMS design, a 
20mm x 5mm loop antenna with a 40mm x 10mm slot beneath it is added to capture the 
surface currents of the car body and block the current path to increase the current density 
 iii
around the loop antenna. The simulation results show that this design exhibits a 
propagation factor 150 times larger than the traditional design. 
The third chapter investigates the effects of different contaminants (salt, oil, 
grease) on the shunt resistance between pins of a cable connector. The test results show 
that salt-induced corrosion and moisture may cause intermittent shunting resistances 
capable of affecting the normal operation of automotive systems. One important test 
result is that the induced shunting resistances are a nonlinear function of the applied 
voltage. An equivalent circuit based on measurements is developed to model the behavior 
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1. DETERMINING THE MAXIMUM ALLOWABLE POWER BUS VOLTAGE TO 
ENSURE COMPLIANCE WITH A GIVEN RADIATED EMISSIONS 
SPECIFICATION 
 
Hua Zeng, Student Member, IEEE, Haixin Ke, Member, IEEE, Gian Lorenzo Giuliattini 
Burbui, Member, IEEE, and Todd Hubing, Fellow, IEEE 
 
Abstract 
It is generally understood that excessive power bus noise voltage on a printed 
circuit board will result in unacceptable radiated emissions levels, but how much noise is 
too much? In this paper, an analysis based on a lossy cavity model is performed to 
determine the maximum possible radiated field corresponding to a given power bus noise 
voltage. A closed-form expression relating the maximum power bus noise voltage to the 
radiation peaks is then derived. This expression is solved in reverse to determine the 
minimum power bus voltage necessary to generate a radiated field above a specified 
limit. When troubleshooting a radiated emissions problem, this expression can be applied 
to measured values of power bus noise voltage to determine whether radiation directly 
from the power bus is potentially the emissions source. 
 
Index Terms 
Power bus noise voltage, maximum radiated emissions, printed circuit board (PCB).  
 
I. INTRODUCTION 
Switching noise currents on the power pins of digital integrated circuits can be a 
significant source of radiated emissions. These switching currents cause voltage 
fluctuations on the power bus due to the non-zero high-frequency impedance of the bus 
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[1]. The radiation directly from the planes of a printed circuit board can be numerically 
calculated using full-wave simulation software. However, this type of simulation requires 
extensive computational resources and yields results that are sensitive to the exact board 
parameters provided. Expert system algorithms employ closed-form calculations to 
estimate the maximum radiated emissions from printed circuit boards due to many 
possible sources [2]-[4]. In this way, sources and coupling mechanisms that cannot 
significantly contribute to radiated emissions can be systematically eliminated and 
attention can be focused on only those features of a given design that are capable of 
producing electromagnetic interference (EMI) problems. 
Leone [5] introduced a closed-form expression relating source currents to the 
radiation from a rectangular power bus based on the cavity model. Deng et al. [4] 
developed an expression for estimating the maximum radiated emissions from a cable 
attached to a PCB due to power bus noise.  
This paper develops a closed-form expression for the maximum possible radiation 
corresponding to a given power bus noise voltage and conversely, the minimum power 
bus noise voltage required to exceed a given radiated emission limit due to radiation 
coming directly from the power planes.  
 
II. FAR FIELD CALCULATION 
The power bus structure under consideration is illustrated in Fig. 1-1. The power 
planes have a length L, width W (L ≥ W), and are separated by a dielectric with a 
thickness h. The length and width are much greater than the thickness. The tangential 
magnetic field and normal electric field on each edge are approximately zero. The fields 
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inside the cavity can be expressed as a summation of 2-D TMz modes [6]. The voltage 
distribution V(x, y) due to an impressed filamentary current I0 at the location (x0, y0) is 
given by [7] 
 
Fig. 1-1. Power-bus structure configuration. 
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where δs is the skin depth of the plane conductors, tanδ is the loss tangent of the dielectric 
substrate, and εr is the relative permittivity of the dielectric substrate. 
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Analytical expression for the radiated electric field from a rectangular power bus 
structure driven by a current source can be found in [5] and [8]. These expressions can be 
useful for modeling the effect of a known source; however, in many situations, the 
current driving the power bus is not readily obtainable. For boards that have already been 
built, it is generally easier to measure power bus voltages than source currents. The 
following section derives an expression for the maximum radiated field strength from a 
rectangular power bus structure as a function of the maximum voltage on the edge of the 
planes.  
 
III. MAXIMUM RADIATION ESTIMATION 
To relate radiated field strengths to the voltages at the edge of a power bus 
structure, Huygen’s Principle can be employed [5], [6]. The radiated electric field is 
calculated using an equivalent magnetic current density as the radiation source 
r
E j e F 
 
















,            (6) 
where ω=2πf, η is the intrinsic impedance, k0 is the wave number in free space, F

 is the 
electric vector potential, and s is the sidewall surface of the board. The relationship 
between the tangential electric field on the edges and the corresponding equivalent 
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magnetic current density is given by 
s z
M n E  
 
.            (7) 
Based on the assumption that the spacing h is much smaller than the wavelength, 
the integration on the sidewall surface in (6) can be simplified by integrating along the 
periphery l of the planes, 
0
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In (9), the electric vector potential F

reaches an upper limit when the power bus 
noise voltage V(x, y) is set to its maximum value Vmax everywhere along the periphery of 
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.         (12) 
The results from Eq. (11) and (12) should overestimate all the modes range.  
Furthermore, based on reference [5] and [8], the highest amplitudes in the whole mode 
spectrum could be obtained in the direction perpendicular to the plate surfaces. Therefore 







  .          (13) 
The upper bound in (13) occurs when the voltages on opposite sides, such as V(x, 
y=0) and V(x, y=W), are constant and 180 degrees out of phase (resulting in equivalent 
magnetic currents on opposite edges that are in phase). This occurs for the TMm0 and 
TM0n modes, where m and n are odd integers. The radiation is also proportional to 
frequency, so the higher order TMm0 and TM0n modes radiate more effectively. When 
both m and n are nonzero, adjacent lobes in the field distribution along both edges are out 
of phase. In this case, the higher order modes do not radiate any more efficiently than the 
lower order modes, so we can cap our maximum emissions estimate at the value 
calculated for the TM11 mode as long as we are sure that no TMm0 or TM0n modes (m,n > 
2) occur at frequencies higher than the TM11 cut-off. 
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 In a relatively square board, TMm0 and TM0n modes are not likely to be excited 
efficiently when m or n is much greater than one. In a slim board where the length is p 
times the width, the TMp0 mode is the highest order mode likely to be excited, but this 
will occur at a frequency below the TM11 cutoff. Thus, relatively square boards are 
unlikely to exhibit a maximum radiation greater than the maximum level calculated for 
the TM11 mode, because the modes capable of producing this radiation are not likely to 
be excited. Slim boards are unlikely to exhibit maximum radiation greater than the 
maximum level calculated for the TM11 mode, because the TM11 mode occurs at a higher 
frequency than the TMn0 modes that are likely to be excited. Therefore, regardless of the 
shape of the board, the maximum level calculated for the TM11 mode represents a good 
upper-bound estimate for the board emissions. Therefore, the expression for the 
maximum radiated field in (13) can be capped at the TM11-mode radiation level for 
frequencies at or above the TM11 frequency. 
Furthermore, the radiation of the short edge is dominant at frequencies below the 
TM01 mode frequency. Therefore, the 
2 2L W  in (13) can be replaced by W at 
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where nominally, fc1 is the cutoff frequency of the TM01 mode, fc2 is the cutoff frequency 
of the TM11 mode, and kc2 is the value of the wave number at the TM11 cutoff frequency. 
However, the peaks occurring at a board resonance have a finite bandwidth, so the 
expression in (14) may underestimate the amplitude of the radiated field at frequencies 
just below the first cutoff frequency. To compensate for this, we define a transition 
frequency ft1 that occurs midway between adjacent resonances instead of at fc1. Rewriting 
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The first part of the expression for ft1 is the cutoff frequency of the TM01 mode. 
The second part is the cutoff frequency of the TMm0 mode that occurs at a frequency 
closest to, but lower than, the TM01 mode. For example, m = 1 for a 20 cm × 25 cm × 
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which is the cutoff frequency of the TM11 mode. 
Solving (15) for Vmax, a closed-form expression can be derived to calculate the 
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minimum voltage required between two planes to generate an electric field exceeding a 
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IV. VALIDATION 
The closed-form expression (15) for estimating the maximum radiated field is 
validated by comparing with analytic calculations of the field strengths radiated by the 
equivalent magnetic current derived from the cavity model. The analytic calculations 
were validated by comparing to full-wave results obtained using a finite-difference time-
domain (FDTD) code [9]. Fig. 1-2 shows analytic and FDTD results for the maximum 
radiation 3 m from a printed circuit board excited by a 1-mA current source located at 
one corner of the board. The board parameters are; W = 20 cm, L = 25 cm, h = 0.1 cm, εr 
= 4.5, and tanδ = 0.02. Fig. 1-3 shows the corresponding maximum power bus noise 
voltage around the periphery of the board. Fig. 1-4 shows the radiated electric field 
strength (in the direction of maximum radiation) divided by the maximum power bus 
noise voltage as well as the maximum possible value as determined by (15). Similar 
calculated and estimated maximum radiation results for boards with various dimensions 
are shown in Fig. 1-5 (W = 40 cm, L = 45 cm), Fig. 1-6 (W = 10 cm, L = 25 cm), Fig. 1-7 
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(W = 5 cm, L = 5 cm), and Fig. 1-8 (W = 5 cm, L = 25 cm). Fig. 1-9 shows the results 
obtained for two 10 cm × 25 cm × 0.1 cm boards with different dielectric permittivities.  
In order to include a sufficient number of resonant peaks, the larger boards in this 
study were evaluated up to 1 GHz and the smaller boards were analyzed up to 6 GHz. 
The plots in Figs. 1-4 to 1-8 demonstrate that the closed-form expression (15) provides an 
accurate upper bound for the amplitude of the radiation peaks from a board with a given 
maximum voltage between the planes. 





























Fig. 1-2. The maximum radiation due to a 1-mA current source located at one 
corner of a board with W = 20 cm, L = 25 cm, h = 0.1 cm, εr = 4.5, tanδ = 0.02, and r 
= 3 m. 
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Fig. 1-3. The maximum power bus noise voltage due to a 1-mA current source 
located at one corner of a board with W = 20 cm, L = 25 cm, h = 0.1 cm, εr = 4.5, and 
tanδ = 0.02. 





























Fig. 1-4. The maximum radiation due to a given power bus noise voltage of a board 
with W = 20 cm, L = 25 cm, h = 0.1 cm, εr = 4.5, tanδ = 0.02, and r = 3 m. 
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Fig. 1-5. The maximum radiation due to a given power bus noise voltage of a board 
with W = 45 cm, L = 50 cm, h = 0.1 cm, εr = 4.5, tanδ = 0.02, and r = 3 m. 





























Fig. 1-6. The maximum radiation due to a given power bus noise voltage of a board 
with W = 10 cm, L = 25 cm, h = 0.1 cm, εr = 4.5, tanδ = 0.02, and r = 3 m. 
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Fig. 1-7. The maximum radiation due to a given power bus noise voltage of a board 
with W = 5 cm, L = 5 cm, h = 0.1 cm, εr = 4.5, tanδ = 0.02, and r = 3 m. 





























Fig. 1-8. The maximum radiation due to a given power bus noise voltage of a board 
with W = 5 cm, L = 25 cm, h = 0.1 cm, εr = 4.5, tanδ = 0.02, and r = 3 m. 
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Analytic: r = 1.0
Estimation: r = 1.0
Analytic: r = 2.5
Estimation: r = 2.5
 
Fig. 1-9. The maximum radiation due to a given power bus noise voltage of a board 
with W = 10 cm, L = 25 cm, h = 0.1 cm, tanδ = 0.02, and r = 3 m for two values of εr . 
 
 
Table 1-1 summarizes the results of a similar analysis performed on a variety of 
boards of different sizes. The board dimensions ranged from 5 cm to 50 cm. The 
permittivity of the substrate was 4.5. Peak 1 corresponds to the TM10 mode frequency, 
Peak 2 corresponds to the TM01 mode, and Peak 3 corresponds to the frequency at or 
above the TM11 cutoff frequency (within the calculation frequency range) where the 
field-strength-to-voltage ratio is highest. For every board evaluated, the actual value was 
no higher than the estimated upper bound. However, as indicated by the results shown in 
the table, the peak emissions come within a few dB of the estimate for each of the boards 
evaluated.  
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Table 1-1. Difference between the Upper Bound Estimate and the Peak Emissions 





Estimate – Actual Field Strength in dB 
Peak 1 Peak 2 Peak 3 
5×5 TM10 3.0 TM01 3.0 TM31 0.2 
5×10 TM10 0.02 TM01 6.0 TM13 0.4 
5×25 TM10 0.06 TM01 5.9 TM42 3.0 
10×15 TM10 0.15 TM01 0.4 TM24 0.1 
10×25 TM10 0.03 TM01 0.9 TM23 0.9 
10×35 TM10 0.06 TM01 2.9 TM12 1.7 
15×20 TM10 0.09 TM01 0.2 TM02 0.3 
15×35 TM10 0.58 TM01 1.0 TM12 1.7 
15×40 TM10 0.03 TM01 1.5 TM12 1.6 
20×25 TM10 0.07 TM01 0.25 TM02 0.5 
20×50 TM10 0.08 TM01 1.1 TM12 1.5 
25×25 TM10 3.0 TM01 3.0 TM03 0.4 
25×35 TM10 0.09 TM01 0.2 TM02 0.9 
25×45 TM10 0.09 TM01 0.9 TM02 0.5 
30×40 TM10 0.09 TM01 0.2 TM02 0.4 
45×50 TM10 0.21 TM01 0.25 TM03 0.0 
50×50 TM10 3.09 TM01 3.09 TM16 1.0 
 
 
If (15) is an upper bound on the emissions for a given peak power bus noise 
voltage, then (18) can be used to determine the minimum voltage required to generate a 
field exceeding a given limit (e.g., a maximum radiated field specification). In other 
words, if the peak voltage on the perimeter of the power bus is below the level calculated 
by (18), then the power bus will not radiate above the given limit. Fig. 1-10 shows the 
minimum voltage between the planes of a 20 cm × 25 cm × 0.1 cm board with εr = 4.5 
and tanδ = 0.02, required to generate a field exceeding the FCC Class B limit as 
calculated using (18). It shows that, at 50 MHz, approximately 9.0 mV is required to 
exceed the radiated emission specification. However at 500 MHz, as little as 1.2 mV is 
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sufficient to cause a failure. A board of this size exhibiting less power bus noise than that 
indicated in Fig. 1-10 is not capable of exceeding the FCC Class B limit due to radiation 
directly from the planes. 
























An expression for the maximum radiated field from a rectangular parallel-plate 
power bus structure exhibiting a given maximum power bus voltage has been developed. 
The equation can be solved in reverse to determine the minimum voltage required for a 
given board to radiate above a specified limit. The expression was validated by 
comparing it with analytic and full-wave model results for boards of various sizes. The 
maximum radiation-to-voltage ratio estimates are within a few decibels of the calculated 
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peaks for all of the boards evaluated in this study. 
While the expression provided in (15) is expected to perform well for the vast 
majority of board geometries, there are a couple of special situations worth noting. First, 
the derivation of (15) implicitly assumes that the first resonant peak is the TM10 
resonance. It is possible (though not likely) that resonances involving components 
mounted to the board could induce enough voltage in the planes to cause a significant 
radiated peak at a frequency below the TM10 resonance. If this were to occur the radiated 
field due to the long sides of the board would dominate and (15) would underestimate the 
radiated field.  If this is a concern, the W in the first term of (15) should be replaced by an 
L, thus making the first and second terms identical and eliminating the transition between 
them. 
A second special situation would be a nearly square board exhibiting resonances 
associated with highly asymmetric modes. If, for example, the TM09 mode were 
somehow excited efficiently in a square board, this board could radiate more than 
estimated by (15), which assumes that no TMm0 or TM0n modes are efficiently excited at 
frequencies above the TM11 cutoff. This situation is unlikely to occur in typical PCB 
structures, but it could be an issue in boards with highly repetitive structures. 
Finally, it should be noted that many PCBs are not rectangular and therefore do 
not have a well defined L and W. As long as the shape is basically a polygon, it should be 
possible to replace the L, W and 2 2L W in (15) with a single value, D, equal to the 
length of the longest board dimension. This will be slightly less accurate than (15) at the 
lower frequencies, but should still provide an effective upper bound estimate. 
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Hua Zeng and Todd Hubing 
 
Abstract 
Traditional Tire Pressure Monitoring System (TPMS) is designed in the way that 
the power transfer is optimized in free space without taking the car body effect into 
account. This paper identifies transmission parameters from a rotating tire and the vehicle 
body’s effect on tire sensor transmission and propagation; relates these effects to receiver 
antenna packaging requirements; and then, based on these results, proposes the antenna 
design of employing car body as a part. Traditional TPMS using whip antennas is 
simulated without and with the car body effect respectively and the results show that car 
body has an unneglectable effect on the transmission coefficient and input impedance of 
the antennas, thus the propagation factor that is defined to estimate the quality of EM 
transmission and reception by eliminating the effect of radiation loss of the antenna 
structure and reflection loss of the matching network. A more efficient and effective 
design is to take advantage of the surface current of the car body to optimize the power 
transfer instead of designing antennas in free space. A new example of designing TPMS 
is proposed by adding a 20mm x 5mm loop antenna with a 40mm x 10mm slot beneath it 
to capture the surface currents of the car body and block the current path to increase the 
current density around the loop antenna. The simulation results show that antenna 
performance can be greatly improved compared to the traditional design. The largest 
propagation factor is 3 times larger than the theoretically maximum value which is more 
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Tire pressure monitoring system (TPMS), antenna design, signal propagation, 
propagation factor.  
 
I. INTRODUCTION 
Automatic tire pressure monitoring has been required on all new vehicles sold in 
the U.S. since September 2007. Most TPMS systems in vehicles today employ battery 
powered sensors that are mounted in each of the tires and communicate wirelessly with a 
central unit located behind the dashboard. The batteries in these sensors cannot be 
replaced. Therefore it is necessary to replace the entire sensor module when the battery is 
too weak to provide a reliable signal. A number of functional issues have been 
documented with these systems, including false low-pressure warnings that occur when 
the TPMS signal is lost or interfered with. A significant technical challenge associated 
with TPMS systems is to ensure adequate and reliable sensor transmission/reception in 
the vehicle while using the limited sensor power efficiently. 
V. Kukshya [1] introduced a system simulator to characterize the performance of 
tire pressure monitoring systems in various operational scenarios. K. Tanoshita [2] 
simulated the electric field characteristics of the AIRwatch system in Japan. H. J. Song 
[3] and M. Brzeska [4] presented RF models for analyzing the signal strength/range of 
TPMS systems. These results illustrated free-space signal propagation between the 
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transmitting module and receiver module. However, vehicle body effects and the 
receiving antenna also play an important role in TPMS applications. Therefore, it is 
necessary to investigate the system noise margin systematically so that a TPMS designer 
can gain insight as to how to design tire pressure monitoring modules with better power 
efficiency and reliability. 
The goal of this paper is to better understand the factors that affect the 
communication between TPMS sensors mounted inside a tire and the central unit, and to 
show that TPMS antennas designed to take advantage of the surface waves induced on an 
automotive chassis, can be more effective than TPMS antennas optimized for free space 
transmission/reception. The paper identifies transmission parameters and the vehicle 
body’s effect on tire sensor transmission and propagation; and relates these effects to 
receiver antenna packaging requirements. An example of a new design that employs the 
vehicle body as a part of the antenna is proposed to improve the transmission 
performance.  
 
II. MAXIMUM EM TRANSMISSION/RECEPTION IN FREE SPACE 
Fig. 2-1 illustrates the components of the signal path between a transmitter and 
receiver in free space. The signal path includes a transmitting antenna and its matching 
network, a receiving antenna and its matching network, and free space transmission path. 
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Fig. 2-1. Signal paths between the transmitter and receiver 
 
Assuming the polarization of the receiving antenna is matched to the impinging 
wave, the power transfer ratio of the received power on port 2 to the input power on port 
1 can be represented by the product of each signal path: 
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where Pr is the received power delivered to the load; Pt is the input power at the terminals 
of the matching network; Гt and Гr are reflection coefficients between the source and the 
matching network at the transmitting end, the load and the matching network at the 
receiving end, respectively; et, and Dt are radiation efficiency and directivity of the 
transmitting antenna; er and Dr are radiation efficiency and directivity of the receiving 
antenna; λ is the wavelength and R is the distance between transmitting and receiving 
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where, D0t and D0r are the maximum directivities of the transmitting antenna and 
receiving antenna, respectively. 
Above an infinite ground plane, the maximum power transfer can be modified by 







                  (3) 
where Fp is defined as the propagation factor which is the inverse of the propagation 
loss, and can be expressed as, 
2
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where, Ri is the distance between the image of the transmitting antenna and receiving 
antenna. If the radiation efficiency is unity for both transmitting and receiving antennas, 
the propagation factor is equal to the power transfer ratio.  
For an electrically short linear dipole or a small loop, the maximum directivity 
occurs in a direction perpendicular to its polarization and has a value of 1.5, the 
maximum power transfer ratio at a given frequency only depends on the distances from 
the transmitting antenna and its image to the receiving antenna. In a TPMS application at 
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where the units of R and Ri are meters.  
Referring to the two-port network shown in Fig. 2-1, Fp can be expressed in terms 
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where S11 is the reflection coefficient for the transmitting antenna, S22 is the 
reflection coefficient for the receiving antenna and S21 is the transmission coefficient 
from port 1 to port 2. For a particular pair of antennas, the propagation factor can be used 
to estimate the quality of EM transmission and reception. For two electrically small 
antennas, the propagation factor calculated by Eq (5) is the maximum value that can be 
obtained in free space. 
 
III. MODELING EM PROPAGATION FOR A TRADITIONAL 
ARRANGEMENT 
Most TPMS systems in vehicles today employ a transmitting module mounted in 
each of the tires that communicates wirelessly with a central receiving unit located 
behind the dashboard. In this section, such a traditionally arranged transmission/reception 
is modeled. A small whip antenna is utilized as both the transmitting and receiving 
antenna to obtain the maximum power transfer because of its relatively high radiation 
efficiency (compared to other electrically small antennas). The antenna is designed using 
a piece of metal that extends above the surface of a printed circuit board (PCB), as shown 
in Fig. 2-2. The metal is copper and has a conductivity of 5.8e7 S/m. The antenna is 
driven single-ended and the far end is left open. The antenna height is 10 mm and the 
length of the antenna along the short edge of the PCB is 20 mm. It is implemented close 
to the edge of the PCB in order to leave room on the rest of the PCB for the other 
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required circuitry. Full-wave simulation [6] of this structure shows that the radiation 
efficiency is 88%. 
 
Fig. 2-2. Geometry of whip antenna 
 
Next, a metal wheel rim is included in the model as shown in Fig. 2-3. The rim is 
placed 6 mm below the PCB and is based on an actual wheel structure with a width of 
245 mm and a diameter of 432 mm (17 inches). The PCB is placed near the location of 
the tire valve. In this configuration, the radiation efficiency decreases to 75% [6].   
 
Fig. 2-3. Model for whip antenna above a metal rim 
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In order to model the EM transmission/reception in its intended environment, a 
vehicle body is imported into the model as shown in Fig. 2-4. The transmitting whip 
antenna is mounted in the front tire and the receiving whip antenna is located behind the 
dashboard. Assuming the car is symmetric in width; the receiving antenna is located and 
oriented in a way so that it has same effect from both sides. The car body has a length of 
4.6 m, width of 1.8 m, and height of 1.2 m. The distance between two antennas as well as 
the distance from the image of the transmitting antenna to the receiving antenna are listed 
in Table 2-1. This distance information can be used to calculate the maximum 
propagation factor Fpmax using Eq.(5), which is also shown in Table 2-1.   
Simulations were performed with the wheel in 8 positions from 0 degrees (the 
antenna is at the top of the rim as shown in Fig.2-4) to 360 degrees with a 45-degree 
interval and S-parameters were calculated. In order to analyze the car body effect on the 
signal transmission, simulations were performed in three cases:  
Case 1. EM transmission and reception between two antennas in free space;  
Case 2. EM transmission and reception between two antennas when the 
transmitting antenna was mounted in a tire;  
Case 3. EM transmission and reception between two antennas when both rim and 
car body were taken into account.  
The locations and orientations of the two antennas were identical in all three 
cases. To simplify the comparison, the antenna was matched for each case respectively to 
reduce the reflection loss. The matching parameters were determined at the 0-degree 
position and kept the same when the wheel was rotated. For each case, after the S-
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parameters and radiation efficiencies were calculated, the actual Fp was obtained using 
Eq. (6) with both radiation loss and reflection loss taken into account. The results are 
shown in Table 2-2 to 2-4. 
 
 
Fig. 2-4. Model for EM transmission/reception when both rim and car body are 
taken into account 
 
The calculated S-parameters and propagation factor for EM 
transmission/reception in free space are listed in Table 2-2. In this case, the propagation 
factor Fp is very close to the maximum possible value Fpmax when the transmitter 
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position corresponds to a rim rotation of 45 degrees (rim is not actually there) with only 
two antennas considered in the model. This is the largest possible propagation factor that 
can be obtained for the given antenna structure in free space above a ground plane. The 
rotation of the rim has little effect on the reflection coefficient. 
Table 2-3 lists the calculated parameters and propagation factor obtained when 
the rim is included in the simulation. It can be seen that when the rim is rotated to 90 
degrees, the propagation factor Fp is close to the maximum possible Fpmax. The rotation 
has a relatively large effect on the reflection coefficient compared to the first case. This 
case is similar to the first case except that the transmitting whip antenna and rim can be 
considered to be the new wheel antenna. 
Table 2-4 shows the calculated S-parameters and propagation factor for the EM 
transmission/reception when both the front wheel and car body are taken into account. 
The largest propagation factor Fp occurs when the rim is rotated to 45 degrees, and is 
more than 100 times smaller than the maximum possible Fpmax calculated in free space. It 
is evident that the signal propagation is severely blocked by the car body. Rotation of the 
wheel has a significant impact on the reflection coefficient S11, thus the input impedance 
of the transmitting antenna.  
Table 2-1. Maximum propagation factor for two antennas in free space. 
 
Angle  0 45 90 135 180 225 270 315 
R (m) 0.9287 1.0183 1.0857 1.0974 1.0482 0.9613 0.8846 0.8701
Ri (m) 1.5316 1.5205 1.4295 1.3029 1.2152 1.2291 1.3339 1.4578
Fpmax (10
-3) 20.49 18.05 17.29 18.35 20.51 22.54 23.78 23.15 
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Table 2-2. Calculated S-parameters and propagation factor for EM 
transmission/reception in free space. 
 
Angle  0 45 90 135 180 225 270 315 
S11 0.1286 0.193 0.1086 0.1674 0.2522 0.152 0.1326 0.0874
S22 0.0409 0.0458 0.0456 0.0432 0.0415 0.0372 0.0366 0.0427
S21 0.09 0.1150 0.0718 0.0279 0.0373 0.0747 0.0753 0.0163
Fp (10-3) 10.65    17.78    6.75    1.04    1.92    7.39    7.46    0.35 
 
Table 2-3. Calculated S-parameters and propagation factor for EM 
transmission/reception when front wheel is taken into account. 
 
Angle  0 45 90 135 180 225 270 315 
S11 0.0939 0.2790 0.0876 0.0342 0.3344 0.0952 0.1224 0.1845
S22 0.0218 0.0213 0.0130 0.0154 0.0216 0.0218 0.0218 0.0217
S21 0.0189 0.065 0.0962 0.0871 0.0129 0.0439 0.0136 0.0097
Fp (10-3) 0.55 6.95 14.13 11.51 0.28 2.95 0.28 0.15 
 
Table 2-4. Calculated S-parameters for EM transmission/reception when both the 
front wheel and car body are taken into account. 
 
Angle  0 45 90 135 180 225 270 315 
S11 0.1715 0.3761 0.2278 0.1385 0.6079 0.1010 0.2355 0.3630
S22 0.0023 0.0002 0.0020 0.0002 0.0023 0.0000 0.0023 0.0001
S21 0.0089 0.0095 0.0055 0.0084 0.0025 0.0089 0.0067 0.0027
Fp* (10-3) 0.11 0.14 0.04 0.09 0.01 0.10 0.06 0.01 
* It is calculated based on the radiation efficiency of the antenna structure not including rim and car body. 
 
Similar simulations were performed for the transmitting antenna mounted in the 
rear wheel. The distance information, calculated S-parameters, and propagation factors 
are listed in Table 2-5. The distance between the receiver and the antenna in the rear 
wheel is around 2.5 times larger than it was when the transmitting antenna was in the 
front wheel. The maximum propagation factor for the rear wheel is about 6 times smaller 
than it is for the front wheel in free space above a ground plane. However, when car body 
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is taken into account, the largest propagation factor for the rear wheel is actually around 2 
times larger than for front wheel, which is contrary to their relationship in free space.    
Table 2-5. Distance information, S-parameters, and propagation factor for EM 
transmission/reception for rear wheel. 
 
Angle  0 45 90 135 180 225 270 315 
R (m) 2.4589 2.3374 2.3171 2.4125 2.5596 2.6711 2.6886 2.6034
Ri (m) 2.7440 2.5958 2.4968 2.5127 2.6324 2.7787 2.8680 2.8541
Fpmax (10
-3) 3.85 4.28 4.48 4.27 3.84 3.49 3.36 3.49 
S11(ant) 0.1265 0.1822 0.1050 0.1686 0.2509 0.1512 0.1332 0.0864
S22(ant) 0.0427 0.0424 0.0422 0.0425 0.0428 0.0423 0.0421 0.0419
S21(ant) 0.0225 0.0092 0.0173 0.0299 0.0233 0.0018 0.0166 0.0252
Fp(ant) (10-3) 0.67 0.11 0.39 1.19 0.75 0.01 0.36 0.83 
S11(ant+rim) 0.0943 0.2754 0.0795 0.0415 0.3347 0.0958 0.1222 0.1840
S22(ant+rim) 0.0425 0.0425 0.0428 0.0423 0.0425 0.0417 0.0428 0.0425
S21(ant+rim) 0.0144 0.0186 0.0044 0.0269 0.0132 0.0377 0.0133 0.0268
Fp(ant+rim) 
(10-3) 
0.32 0.57 0.03 1.10 0.30 2.18 0.27 1.13 
S11(ant+rim+
car) 
0.3115 0.4541 0.2765 0.0858 0.5800 0.1269 0.3055 0.3629
S22(ant+rim+
car) 
0.0023 0.0006 0.0023 0.0007 0.0022 0.0006 0.0023 0.0005
S21(ant+rim+
car) 
0.0101 0.0091 0.0096 0.0136 0.0100 0.0108 0.0075 0.0027
Fp(ant+rim+
car) (10-3) 
0.15 0.13 0.13 0.24 0.19 0.15 0.08 0.01 
 
Additionally, a loop antenna as shown in Fig. 2-5 was used to receive signals 
instead of the whip antenna and similar simulations for the front wheel were performed. 
The loop antenna has the same dimensions as the whip antenna except the far end is 
shorted to the ground plane of the PCB. Full-wave simulation [6] of this configuration 
indicates the radiation efficiency is 5%.   
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Fig. 2-5. Geometry of loop antenna 
 
Table 2-6 shows the calculated S-parameters and propagation factors for EM 
transmission and reception in the presence of the car body when the loop antenna is used 
to receiv the signal. The largest propagation factor Fp occurs when the rim is rotated to 
135 degrees. This value is more than 100 times smaller than the maximum possible 
Fpmax.   
Table 2-6. S-parameters and propagation factor for EM transmission/reception in 
the presence of the car body when loop antenna is used for receiving signals. 
 
Angle  0 45 90 135 180 225 270 315 
S11 0.0647 0.1467 0.1626 0.2261 0.2858 0.2074 0.0870 0.2277
S22 0.0008 0.0029 0.0008 0.0029 0.0009 0.0029 0.0008 0.0029
S21 (10
-3) 0.48 0.59 1.37 2.42 0.41 1.22 1.50 1.00 
Fp (10-3) 0.01 0.01 0.04 0.14 0.01 0.04 0.05 0.02 
 
From the simulation results, it is evident that the car body has a significant impact 
on the propagation factor Fp and input impedance of the antenna. Therefore it is better 
not to optimize EM transmission and reception by designing antennas for free space 
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transmission and reception. A more effective approach is to take advantage of the surface 
wave of the car body to maximize the propagation factor. 
 
IV. AN EXAMPLE OF IMPROVED EM PROPAGATION 
The car body affects the S21 and input impedance of the antenna, thus the 
propagation factor. Therefore, it is better to design antennas in their intended working 
environment instead of in free space to optimize the propagation factor. By optimizing 
antenna designs to use the car body, the performance EM transmission and reception can 
be greatly improved. Here is an example of how to make use of the car body to design 
antennas. The model is shown in Fig. 2-6. The transmitting antenna is the same whip 
antenna used in Section III; a 20mm x 5mm loop antenna located on the bottom metal of 
the car body is used to capture the surface currents of the car body. A 40-mm x 10-mm 
slot is created beneath the loop antenna to block the currents flowing on the body and 





Fig. 2-6. An example of new model taking advantage of car body’s surface current 
for EM transmission/reception 
 
Fig. 2-7 shows the simulated current distribution on the car body. It can be seen 
that the current density around the slot is much larger than anywhere else. 
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Fig. 2-7. Current distribution on car body  
 
Table 2-7 lists the distance information, calculated transmission coefficient, and 
propagation factors when the wheel is rotated from 0 to 360 degrees with a 45-degree 
interval. The maximum no-loss propagation factors in free space calculated using Eq.(5), 
are also listed in the table. When the wheel is rotated to 90 degrees, the propagation 
factor Fp is 20.68, which is around 3 times larger than Fpmax, and 150 times larger when 
compared to the results in Table 2-4 for the traditional model. 
Similar simulations were performed when the antenna was mounted in the rear 
wheel; the distance information, calculated S-parameters, propagation factors, and 
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maximum propagation factors are all listed in Table 8. The largest propagation factor Fp 
is 20.85 and occurs when the wheel is rotated 225 degrees. This value is around 2.5 times 
larger than Fpmax and 100 times larger when compared to the results in Table 2-5 for the 
traditional model.  
The largest propagation factor Fp for the new design and traditional model in the 
presence of the car body (blue pole), as well as the corresponding theoretically maximum 
Fpmax (red pole) calculated in free space are plotted in Fig. 2-8 (for the front wheel) and 
Fig. 2-9 (for the rear wheel). In Fig.2-8, the propagation factor for the traditional model is 
plotted after 10 times amplification for display purposes. It is evident that the EM 
transmission and reception is greatly improved by employing the car body as a part of the 
antenna design. 
Table 2-7. Distance information, calculated S-parameters and propagation factor 
for a full turn front wheel. 
 
Angle  0 45 90 135 180 225 270 315 
R (m) 1.6519 1.7601 1.7879 1.7223 1.5946 1.4743 1.4404 1.5182
Ri (m) 1.8229 1.8996 1.8823 1.7788 1.6414 1.5520 1.5730 1.6891
Fpmax (10
-3) 8.63 7.75 7.69 8.44 9.88 11.31 11.45 10.14 
S11 0.1760 0.3787 0.2357 0.1385 0.6119 0.1015 0.2369 0.3679
S22 0.0087 0.0021 0.0092 0.0010 0.0069 0.0005 0.0028 0.0059
S21 0.0838 0.0475 0.0927 0.0154 0.0730 0.0270 0.0479 0.0761
Fp (10-3) 16.47 5.99 20.68 0.55 19.36 1.67 5.53 15.22 
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Table 2-8. Distance information, calculated S-parameters and propagation factor 
for a full turn rear wheel. 
 
Angle  0 45 90 135 180 225 270 315 
R (m) 1.6107 1.4852 1.4383 1.5047 1.6362 1.7509 1.7896 1.7341
Ri (m) 1.7857 1.6482 1.5541 1.5690 1.6818 1.8168 1.8979 1.8856
Fpmax (10
-3) 9.03 10.62 11.60 10.96 9.40 8.13 7.62 7.93 
S11 0.3115 0.4568 0.2788 0.0911 0.5819 0.1351 0.3064 0.3645
S22 0.0084 0.0070 0.0075 0.0082 0.0044 0.0119 0.0085 0.0069
S21 0.0513 0.0566 0.0500 0.0732 0.0278 0.0949 0.0566 0.0532










































































Fig. 2-9. Propagation factor between new designs and traditional model for rear 
wheel 
 
Table 2-9 lists the maximum S21 over a full turn for the front wheel when the 
length of the slot changes from 20 mm to 480 mm. It can be seen that when the slot 
length is 40mm, which is less than one twentieth of a wavelength, the S21 can be as high 
as 0.09, which is not much less than its value even when the slot length is increased to a 
half wavelength (λ~1 meter). 
Table 2-9. Transmission coefficient with various slot length 
 
Length(mm) 20 30 40 90 120 240 320 480 
S21 0.0691 0.0821 0.0927 0.1055 0.1183 0.1241 0.1256 0.1265 
 
 
Similar simulations were performed at 310 MHz and 433 MHz. The calculated S-
parameters and propagation factors are listed in Tables 2-10 and 2-11. When the wheel is 
rotated 90 degrees, the propagation factor Fp is at least 2 times larger than Fpmax. In other 
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words, small changes in the dimensions of the vehicle relative to a wavelength will not 
significantly influence the performance of this design. 
 
Table 2-10. Calculated S-parameters and propagation factor at 310 MHz. 
 
Angle  0 45 90 135 180 225 270 315 
Fpmax (10
-3) 8.91 8.00 7.94 8.72 10.20 11.68 11.82 10.47 
S11 0.009 0.4098 0.1896 0.2416 0.5093 0.1626 0.1969 0.3649
S22 0.0065 0.0017 0.0059 0.0008 0.0041 0.0009 0.0042 0.0032
S21 0.0807 0.0558 0.0805 0.0317 0.0682 0.0155 0.0655 0.0662
Fp (10-3) 15.93 9.15 16.44 2.61 15.40 0.60 10.92 12.36 
 
Table 2-11. Calculated S-parameters and propagation factor for wheel at 433 MHz. 
 
Angle  0 45 90 135 180 225 270 315 
Fpmax (10
-3) 4.56 4.10 4.07 4.47 5.23 5.98 6.06 5.36 
S11 0.0109 0.2802 0.0529 0.1847 0.2000 0.2316 0.2975 0.0758
S22 0.0040 0.0013 0.0085 0.0004 0.0053 0.0005 0.0027 0.0031
S21 0.0694 0.0433 0.0978 0.0311 0.0714 0.0188 0.0496 0.0614




Ensuring adequate sensor transmission and reception is a key issue faced by a 
TPMS designers. Traditional TPMS systems utilize a transmitting antenna mounted in a 
tire communicating wirelessly with a central unit mounted behind the dash board. In this 
paper, a propagation factor was defined to quantify the quality of EM transmission and 
reception after eliminating the effect of the radiation loss of the antenna structure and the 
reflection loss of the matching network. The simulations show that two well positioned 
and oriented whip antennas can achieve a propagation factor close to the theoretically 
maximum value in free space above a ground plane. However, when importing the car 
body into the model, the actual propagation factor decreased  by more than a factor of 
 39
100. It is evident that car body has a significant influence on the matching or input 
impedance of the antennas. Therefore, it is better not to optimize the power transfer by 
designing antennas in free space. It is more effective to design antennas by employing the 
car body as a part of antenna structure and taking advantage of its surface current 
distribution. An example design employing a 20-mm x 5-mm loop antenna with a 40-mm 
x 10-mm slot beneath it responds to the surface currents induced on the car body. 
Simulations show that this design exhibits a propagation factor 150 times larger than the 
traditional design. Its propagation factor is 3 times better than the theoretical maximum 
free-space value while maintaining the same small size of the traditional design.  
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Hua Zeng and Todd Hubing 
 
Abstract 
To investigate the effects of different contaminants (salt, oil, grease) on cable 
connector impedance as well as the effects of environmental factors such as contaminant 
concentration, stimulus voltage, corrosion, moisture, etc., a series of tests were performed 
to explore the shunting resistance across the pins of automotive wiring harness 
connectors. The test results show that salt-induced corrosion and moisture may cause 
intermittent shunting resistances capable of affecting the normal operation of automotive 
systems. One important test result is that the induced shunting resistances are a nonlinear 
function of the applied voltage. An equivalent circuit based on measurements is 
developed to model the behavior of various salt-water/metal electrode interactions. 
 
Index Terms 




The purpose of this paper is to explore the effects of contaminants like salt, oil, 
and grease on automotive wiring harness connector impedances. Golnabi [1] investigated 
the electrical conductivities of pure, distilled, municipal, industrial and river water 
liquids. Fernandez [2] introduced a conductivity cell to measure the electric resistance of 
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various electrolytic solutions. Warburg [3] first proposed that a metal 
electrode/electrolyte interface could be represented by a polarization resistance in series 
with a polarization capacitance. Randles [4] proposed a well-known model consisting of 
an interface capacitance shunted by a reaction impedance, in series with the solution 
resistance. Franks [5] proposed a measurement technique along with a corresponding 
equivalent circuit model to quantify the electrode-electrolyte interface impedance using 
electro-chemical impedance spectroscopy for various electrode materials commonly used 
in biomedical applications. Troy and Cantrel [6, 7] explored the effects that the electrode-
electrolyte interface has upon the at AC potentials in neural science application. However 
there is still lack of research focus on the effect of DC stimulus potential and in 
automotive application. 
The objective of this paper is to investigate the possible effects of salt, oil, and 
grease on the impedance of automotive wiring harness connectors. 
 
II. CHARACTERISTICS OF CABLE CONNECTOR IMPEDANCE 
In this section, the effects of different contaminants (salt, oil, and grease) on cable 
connector impedance are investigated. The test setup is illustrated in Fig. 3-1. A voltage 
supply is connected in series with a known value resistor and a cable connector (3 round 
pin latching CB/audio cable, from MPJA online, stock no. 17861 CB), which is dipped 
into a solution containing the contaminant being investigated. The distance between the 
two pins in the connector is about 8 mm. By measuring the voltage across the solution, 











  (1) 
where Vm is the voltage measured across the solution, and Req is the equivalent resistance 
of the solution. 
 
 
Fig. 3-1. Symbol illustration of test setup for measuring the resistance of the solution 
 
A.  Effect of the stimulus voltage and concentration 
The solution resistance was measured for solutions of salt at various salt 
concentrations and various stimulus voltages. For these tests, the mass ratio of salt to 
water was varied from 0 to 25%; R was equal to 100 ohm; the stimulus voltage Vm was 
varied from 0 to 12 volts.  
Fig. 3-2 shows connector resistance as a function of stimulus voltage for various 
salt concentrations. It is evident that the equivalent resistance of salt water depends on the 
concentration of the salt. For higher salt concentrations, the resistance is lower. 
Additionally, the resistance is a nonlinear function of the applied voltage. When the 
voltage is under around 2 volts, the resistance decreases rapidly as the stimulus potential 
increases. The resistance varies slowly when the stimulus voltage is above 2 volt. When 







pins is around 400 ohm when the mass ratio of salt to water is 0.5%.The resistance falls 
below 100 ohms when the mass ratio reaches 10%.  





































Fig. 3-2. Effect of salt on cable connector impedance 
 
Similar measurements were performed using pure oil (NAPA Premium SAE 30 
Motor Oil) and grease (NAPA Lubriplate No. 105 Motor Assembly Grease) instead of 
the salt solution. In the measurement, R was equal to 337 kilohms. Fig. 3-3 shows the 
effect of oil and grease on cable connector impedance under various stimulus voltages. 
The equivalent resistances of oil and grease are around 106 ohms, which shows that these 
two materials have little effect on connector impedance.  
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Fig. 3-3. Effect of oil and grease on cable connector impedance 
 
B. Effect of distance and surrounding area 
In the tests in the previous section, there was noticeable corrosion on the 
connector electrodes. In order to investigate whether the observed resistance was due to 
the corrosion or the salt water itself, measurements were made of the resistance between 
two metal electrodes dipped in the solutions with varying distances between electrodes. A 
nickel electrode with a square cross section was used. The mass ratio of the salt solution 
was 0.1%, R was equal to 50 ohms, and the container dimensions were either 14 cm x 5.5 
cm (slim container) or 14 cm x 14 cm (square container). The results are shown in Fig. 3-
4. It can be seen that as the distance between the two electrodes decreases, the equivalent 
resistance decreases. Also, in the slim container, the equivalent resistance is nearly a 
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linear function of distance, indicating that the solution itself is the dominant contributor 
to the resistance and not the corrosion on the electrode.  





























Fig. 3-4. Effect of distance of two electrodes on the equivalent resistance 
 
C. Effect of corrosion and moisture 
To investigate the effects of corrosion and moisture on resistance, the resistance 
was measured every minute while:  
1. the connector (3 small .110" flat pin CB/audio cable, from MPJA online, 
stock no. 17856 CB) was soaking in the salt solution ;  
2. the connector was hung in the air (after it was taken out from the salt water 
container); 
3. the connector was hung in the air again after spending a few hours in a cold 
environment (refrigerator).  
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A 100-ohm resistor was utilized for these measurements; the DC voltage Vs was 6 
volts. The equivalent resistance of a sample connector is shown in Fig. 3-5. It can be seen 
that equivalent resistance was around 1 kilohm when the connector was first dipped in the 
salt water. After the salt water was removed and the connector was hung in the air, the 
measured resistance varied from less than a hundred ohms to hundreds of thousands of 
ohms randomly. Finally, the system stabilized and the corrosion appeared to form a 
conductive path between the connector pins. After a few hours in the refrigerator, the 
conductive path was apparently degraded and the resistance resumed a high value, 
however, when as moisture condensed on the connector, the resistance again decreased to 
several kilohms. Fig. 3-6 shows the results of a similar test on another connector. This 
time, after the connector was taken out of the salt solution, the resistance kept increasing 
as the connector dried out. However, the resistance was only a few hundred ohms after 
taking it out of the refrigerator. The resistance increased rapidly, then dipped again as 
time elapsed.  
Fig. 3-7 shows the results for another connector after the initial soaking process. 
The resistance kept increasing as the water dried out. After the connector was stored in 
the refrigerator, the resistance remained high for a couple of minutes and then dropped to 
several hundred ohms and then increased again. It is possible that the moisture condensed 
between two connector pins after it was removed from the refrigerator; then as time went 
by, the moisture dried out (possibly aided by the current flowing through the fault) and 
the connector impedance became high again. 
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Fig. 3-8 shows the results of another connector impedance measurement. This 
measurement was performed when the connector was first soaking in the salt solution, 
and then hung in the air, and then (after the connector dried out) quickly dipped into the 
solution once again and hung in the air. During the third measurement period after the 
quick dipping, the resistance dropped to 10s of ohms as the connector dried out. 
Measurements similar to those shown in Figs. 3-5 to 3-8 were repeated with 
several connectors. The results were different every time; but it was clear that the 
resistance between connector pins that have been exposed to a salt solution varies 
unpredictably with time. From these sample test results it appears that the combination of 
corrosion and moisture are responsible for this conductive path.  































soaking in the solution
hung in the air




Fig. 3-5. Equivalent resistance vs. time for a connector, when it was soaking in the 
solution, hung in the air, and hung in the air after being cooled in a refrigerator. 
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soaking in the solution
hung in the air




Fig. 3-6. Equivalent resistance vs. time for another sample connector.  





























hung in the air after soaked in the solution




Fig. 3-7. Equivalent resistance vs. time for dipped, refrigerator stored connector. 
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soaking in the solution
hung in the air
hung in the air after a quick dipping
 
Fig. 3-8. Equivalent resistance vs. time for soaking, soaked, and second-dipped 
connector. 
 
III. EQUIVALENT CIRCUIT MODEL 
While distilled water is almost an insulator, salts and other contaminants can 
transform water into a relatively good conductor. With a DC voltage applied to the 
electrodes, the nonlinear changes in resistance as a function of voltage observed in 
Section I make it more likely that a connector fault will exhibit a wide range of 
impedances. In this section, an equivalent circuit model is proposed to explain and 
simulate this nonlinear behavior.  
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A.  Equivalent circuit model of salt water 
The equivalent circuit model proposed in this work is comprised of two diodes, 
which represent the interfaces between the electrodes and the salt solution, in series with 




Fig. 3-9. Equivalent circuit model including electrode-salt solution interface and salt 
solution  
 
In this model, the interface diode exhibits the following exponential relationship 











  for  D Zv V    (2) 
where Vz is the reverse breakdown voltage, Is is the saturation current, n is the emission 
coefficient, and VT  is the thermal voltage.  
Eq. (2) describes diode behavior in the forward and reverse biased region. The 
thermal voltage is around 25 mV at room temperature. 
The resistance of the salt water is proportional to the distance between the 
electrodes, 
salt sR R d     (3) 
where Rs is the unit resistance of salt water, and has units of ohm/cm. d is the distance 





Therefore the relationship between total equivalent resistance and the stimulus 
voltage can be determined by solving the equations, 
 ln 1 log 1T s T
s s
i i
v nV i R d nV
I I
   
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   




                (5) 
B.  Validation 
To validate the proposed circuit model, measurements were performed using 
various metal electrodes including copper, aluminum, zinc, stainless steel, magnesium, 
and nickel; and the results were compared to the simulation results from the circuit 
model. The electrodes are rods with a square cross-section and have the same size (20-
mm width, 1.2-mm thickness, and 12-mm height). Table 3-1 gives a summary of the 
fitted parameter values. The salt water resistance was determined to be 133 ohm/cm. 
Table 3-1. Model parameters obtained by fitting the experimental data. 
 
 Copper Stainless steel Zinc Magnesium Aluminum Nickel 
Is (A) 1.859e-9 1.146e-11 6.584e-9 6.691e-9 6.678e-9 3.638e-11
n 2.0 2.0 1.34 1.0 1.89 2.0 
VT (V) 0.025 0.025 0.025 0.025 0.025 0.025 
Rs (ohm/cm) 133 133 133 133 133 133 
 
Figs. 3-10 to 3-15 show both the measured results and the model results for 
copper, stainless steel, zinc, magnesium, aluminum, and nickel electrodes, respectively. 
The model results fit very well for each metal electrode. For different electrode materials, 
the different interface characteristics result in different equivalent resistances.  
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d = 2 cm, test
d = 2 cm, model
d = 4 cm, test
d = 4 cm, model
d = 6 cm, test
d = 6 cm, model
d = 8 cm, test
d = 8 cm model
 
Fig. 3-10. Comparison between the measurements and model for copper electrode.  



























d = 2 cm, test
d = 2 cm, model
d = 4 cm, test
d = 4 cm, model
d = 6 cm, test
d = 6 cm, model
d = 8 cm, test
d = 8 cm model
 
Fig. 3-11. Comparison between the measurements and model for stainless steel 
electrode. 
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d = 2 cm, test
d = 2 cm, model
d = 4 cm, test
d = 4 cm, model
d = 6 cm, test
d = 6 cm, model
d = 8 cm, test
d = 8 cm model
 
Fig. 3-12. Comparison between the measurements and model for zinc electrode. 
























d = 2 cm, test
d = 2 cm, model
d = 4 cm, test
d = 4 cm, model
d = 6 cm, test
d = 6 cm, model
d = 8 cm, test
d = 8 cm model
 
Fig. 3-13. Comparison between the measurements and model for magnesium 
electrode. 
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d = 2 cm, test
d = 2 cm, model
d = 4 cm, test
d = 4 cm, model
d = 6 cm, test
d = 6 cm, model
d = 8 cm, test
d = 8 cm model
 
Fig. 3-14. Comparison between the measurements and model for aluminum 
electrode. 


























d = 2 cm, test
d = 2 cm, model
d = 4 cm, test
d = 4 cm, model
d = 6 cm, test
d = 6 cm, model
d = 8 cm, test
d = 8 cm model
 




The effect of salt, oil, and grease on the shunt resistance of cable connectors was 
investigated. Oil and grease had little effect on connector impedance. However, exposure 
to salt water had a significant effect on the impedance. The impedance of connectors that 
had been exposed to salt water was found to be a function of several factors including the 
stimulus voltage, time since the last exposure, and moisture. The experiment results 
suggest that corrosion and moisture can form an effective conductive path between 
connector pins. A nonlinear relationship between the equivalent resistance and the 
applied DC voltage was observed, and a model was developed to characterize this 
nonlinear behavior. This equivalent circuit model consists of two interface diodes in 
series with the salt water resistance. The model was validated for various electrode metals 
including copper, aluminum, zinc, stainless steel, magnesium, and nickel.  
Though this investigation was limited in scope and more work needs to be done to 
fully characterize the effect of various contaminants, the results presented here confirm 
that contaminants containing salt can produce low shunt resistances on the order of 10 
ohms to several kilohms, which may cause serious disruptions to automotive systems. 
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